Naturally acquired immune responses against human cancers often include CD8 ؉ T cells specific for the cancer testis antigen NY-ESO-1. Here, we studied T cell receptor (TCR) primary structure and function of 605 HLA-A*0201/NY-ESO-1 157-165-specific CD8 T cell clones derived from five melanoma patients. We show that an important proportion of tumor-reactive T cells preferentially use TCR AV3S1/BV8S2 chains, with remarkably conserved CDR3 amino acid motifs and lengths in both chains. All remaining T cell clones belong to two additional sets expressing BV1 or BV13 TCRs, associated with ␣-chains with highly diverse VJ usage, CDR3 amino acid sequence, and length. Yet, all T cell clonotypes recognize tumor antigen with similar functional avidity. Two residues, Met-160 and Trp-161, located in the middle region of the NY-ESO-1 157-165 peptide, are critical for recognition by most of the T cell clonotypes. Collectively, our data show that a large number of ␣␤ TCRs, belonging to three distinct sets (AVx/BV1, AV3/BV8, AVx/BV13) bind pMHC with equal antigen sensitivity and recognize the same peptide motif. Finally, this in-depth study of recognition of a self-antigen suggests that in part similar biophysical mechanisms shape TCR repertoires toward foreign and self-antigens.
T he specificity of CD8
ϩ cytolytic T lymphocyte (CTL) responses relies on the interaction of clonotypically distributed antigen receptors (TCR) on the surface of the effector cell with small immunogenic peptide fragments displayed at the surface of a target cell by self-MHC class I molecules (pMHC) (1) . Binding of the heterodimeric ␣␤-chains of the TCR to the pMHC complex is a key step leading to T cell activation and cell killing. The ␣␤ TCRs bind agonist pMHCs with relatively low affinity (K d Х1-100 M) through complementary determining regions (CDR) present on their variable domains (2) . The mature TCR repertoire is shaped by both positive and negative intrathymic selection, leading to an estimated 2.5 ϫ 10 7 different TCR clonotypes in the human peripheral T cell pool (3) . A relatively small number of CTL precursor cells is normally selected in response to the antigenic stimulus and comprises cells bearing several TCRs (Ϸ10 to Ϸ50 clonotypes) differing from each other yet having the ability to recognize the same pMHC complex. The recent development and availability of multimerized MHC-peptide complexes combined to TCR spectratyping with high-throughput DNA sequencing allowed the study of the development of antigen-driven CD8 ϩ T lymphocyte response to chronic antigenic exposure, e.g., in viral infection (CMV, EBV, HIV) or in cancer patients. The impact of TCR diversity on recognition of single antigenic pMHC complexes has been extensively investigated, and the relative contributions of each TCR ␤-chain have been addressed in several models. In a few systems, strong biases in the TCR repertoire selection of antigenspecific T cells, resulting in the preferential usage of particular ␣␤ TCR combinations, have been reported (4, 5) [supporting information (SI) Text].
Over the last 10 years, 24 class I and class II TCR-pMHC complexes have been crystallized and identified a substantial degree of structural variability in TCR-pMHC recognition (reviewed in ref. 6 ). In many cases, the TCR V␣ interactions with the pMHC seem to predominate and, thus provide some basis for a conserved diagonal orientation of the TCR on the pMHC. Importantly, all aspects of TCR binding to pMHC have direct implications for TCR function. For instance, there is a direct link between peptide-MHC affinity and the efficiency of recognition by CD8 ϩ T lymphocytes (7), as similarly, there is a close relationship between the K d of the TCR binding and the activity of the T cell in cytolytic assays (8, 9) . Nevertheless, despite all of these efforts, the structural bases of TCR repertoire selection for pMHC complexes remain elusive.
The molecular recognition events taking place at the TCRpeptide-MHC interface are of great interest for medical applications. In particular, studies underlying pMHC recognition have important implications for the design of therapeutic antigen-based vaccines or of engineered TCRs. Therefore, the analysis of the primary structure of both ␣-and ␤-chains of the TCR, especially when combined with the functional analysis of the corresponding clonal populations of T cells, can provide important insights in TCR repertoire selection in response to a given pMHC ligand (10) . Here, we report a detailed and combined molecular and functional characterization of the TCR repertoire specific for the cancer testis (CT) antigen NY-ESO-1 157-165 bound to HLA-A*0201, by the analysis of large numbers of T cell clones and TCRs derived from melanoma patients with naturally occurring CD8 ϩ T cell responses.
Results

Naturally Occurring NY-ESO-1157-165-Specific CD8 ؉ T Cell Responses
Display a Preferential Usage of BV1, BV8, and BV13 TCRs. Previous studies have focused much attention on tumor antigens encoded by cancer germ-line genes, whose expression can be found in various types of tumors but not in normal adult tissues, with the exception of testis. In particular, because of its frequent expression in tumors and immunogenicity in advanced cancer patients, NY-ESO-1 is currently viewed as an ideal candidate for thera-peutic tumor antigen-based vaccines. Recently, we reported an unusually strong natural tumor-specific immune response against NY-ESO-1 157-165 in patient LAU 50 with advanced melanoma (11) , characterized by expansions of codominant T cell clonotypes bearing distinct BV1, BV8, or BV13 TCRs (12) . These data prompted us to examine the proportion of BV1, BV8, and BV13 TCRs present within NY-ESO-1-specific T cells of peptide-stimulated PBMCs from four additional melanoma patients with naturally occurring NY-ESO-1-specific CTL responses (13) . By using HLA-A2/NY-ESO-1 157-165 multimers in combination with mAbs directed against the variable region of TCR BV1, BV8, and BV13, we found that the majority of multimer ϩ T cells expressed TCRs with these BV elements (Fig.  S1 ), in line with a recent report by Le Gal and colleagues (10) .
Restricted CDR3␤ Diversity and High Sequence Homology Among NY-ESO-1-Specific TCRs Bearing the TCR BV8 Gene Segment. Using an approach that combines flow cytometry based-cell sorting, TCR spectratyping, and sequencing at the single cell level, we recently identified, in a single patient (LAU 50), nine codominant NY-ESO-1-specific T cell clonotypes characterized by distinct BV1, BV8, or BV13 TCRs sequences (12) . Extensive studies of their clonal composition revealed a high degree of sequence homology of the NY-ESO-1-specific TCRs bearing the TCR BV8 gene segment (Fig. S2 ). These data prompted us to examine in great detail 605 NY-ESO-1-specific T cell clones generated in vitro from patients LAU 50, LAU 97, LAU 155, LAU 156, and LAU 198 (Fig. S1 ). Complete TCR analysis by sequencing allowed the identification of a total of 49 NY-ESO-1-specific clonotypes, classified into BV1 (12 times), BV8 (21 times), or BV13 (16 times) TCR usage ( Fig. 1) , including the nine characterized clonotypes from patient LAU 50 (12) . A striking feature was that, with two exceptions, all BV8-expressing NY-ESO-1-specific clonotypes shared the same relatively short length of the ␤-chain CDR3 region (7 aa). Moreover, there was a preferential usage of either the BJ1S1 or the BJ2S1 gene segments and a marked conservation of the CDR3 amino acid composition, particularly at positions 3, 6, and 7 with prominent usage of a glycine, a glutamate, and a glutamine residue, respectively. Interestingly, the TCR analysis of BV1-and BV13-specific T cell clones yielded different results. Indeed, despite conserved BV usage, most of these clonotypes used different BJs and different CDR3␤ loop sequences of highly variable lengths ranging from 6 to 13 aa (Fig. 1 ). To assess the full extent of conservation of the primary TCR structure of the BV8 T cell clonotypes, we next examined the TCR ␣-chain clonal diversity and junctional features of the 20 NY-ESO-1-specific T cell clones defined as dominant clonotypes based on their frequencies, implying that at least three individual T cell clones share the identical TCR ␤-chain sequence (Fig. 1) . Strikingly, sequencing of the complementary TCR ␣-chains demonstrated the highly recurrent usage of the AV3S1 gene segment by all BV8S2 T cell clonotypes (Fig. 2) . Moreover, we observed a marked conservation of the V(D)J junctional sequences and a unique CDR3␣ length (6 aa) within clonotypes derived from the same and distinct patients. Aside the preferential usage of the AJ31 gene segment, the dominant NY-ESO-1-specific T cell clonotypes were also characterized by their preferred selection of aspartate/leucine at CDR3␣ positions 1/6, respectively. In sharp contrast, the V␣ repertoires associated with both BV1 and BV13 TCRs were highly heterogeneous and comprised various AJs and various CDR3␣ lengths ranging from 7 to 14 aa (Fig. 2) .
BV8 T Cell Clonotypes
Similar Efficient Tumor Cell Recognition and Killing by NY-ESO-1-
Specific T Cell Clones with Distinct Primary TCR Structures. To evaluate the relationship between the NY-ESO-1-specific T cell clonotypes and functional avidity for antigen recognition, 82 T cell clones generated from patient LAU 50, distributed according to their TCR BV1, BV8, or BV13 clonotypic expression, were assessed in chromium release assays for their ability to recognize graded concentrations of the native NY-ESO-1 157-165 peptide pulsed to T2 cells (Fig. 3) . Remarkably, Sequence analysis of TCR junctional transcripts derived from BV1 ϩ , BV8 ϩ , and BV13 ϩ NY-ESO-1157-165 multimer ϩ T cell clones from five melanoma patients. Transcripts were reverse-transcribed and amplified from multimer ϩ T cell clones by using either pairs of BV1/BC, BV8/BC, or BV13/BC primers. PCR products were directly purified and sequenced. Conserved residues forming the CDR3 loop and preferential BJ gene element usages are highlighted in gray. The number of in vitro generated T cell clones displaying a given sequence is depicted. Of note, the NY-ESO-1-specific CD8 ϩ T cell response seen in patients LAU 156 and LAU 198 was composed of, respectively, a single dominant BV8 and BV13 T cell clonotype, confirming the results obtained by using anti-BV antibodies and flow cytometry (Fig. S1 ).
most of the BV1-, BV8-, and BV13-derived clonotypes showed similar functional avidity because 50% maximal lysis of T2 cells was found at similar peptide doses (10 Ϫ9 /10 Ϫ10 M). One exception was BV13 clonotype 2 that exhibited a slightly but statistically significant inferior functional avidity of antigen recognition compared with the other tested clonotypes. Lysis of targets sensitized with an analog peptide with a C to A substitution at peptide position 9 was achieved at Ϸ1 log lower peptide concentrations (10 Ϫ10 /10 Ϫ11 M), which corresponds to the increased pMHC stability (14) . The ability of the BV1, BV8, and BV13 clonotypes to specifically lyse NY-ESO-1-expressing tumor cell lines revealed that all distinct T cell clonotypes efficiently and similarly recognized the NY-ESO-1-expressing melanoma cell lines Me 275 and Me 290 (Figs. S3 and S4). Altogether, our results demonstrate that T cells bearing three distinct sets of ␣␤ TCRs (AVx/BV1S1, AV3S1/ BV8S2, or AVx/BV13) shared similar avidity for antigen recognition and tumor reactivity, irrespective of their BV usage.
Both Met and Trp Residues Located in the Middle Region of the Antigenic Peptide Are Critical TCR Contact Residues Regardless of TCR
Gene Segment Usage. To gain information about the specific role of each single amino acid of the NY-ESO-1 peptide in the interaction with well defined TCRs, we analyzed the cytotoxicity of 11 BV1, BV8, and BV13 molecularly defined T cell clonotypes against T2 cells loaded with a set of NY-ESO-1 157-165 single alaninesubstituted peptide variants. The recognition patterns of each codominant clonotype are depicted in Fig. 4A . The relative antigenic activity was calculated by using the native peptide NY-ESO-1 157-165 as reference. As described (13, 14) , the peptide with the C165A replacement appeared to be the most efficient antigenic peptide analog, improving HLA-A2 binding and resulting in a marked increase in the recognition by every clonotype. All four BV8 clonotypes exhibited a more homogeneous pattern of fine specificity of recognition compared with the recognition patterns found for BV1 and BV13 T cell clones. Strikingly, several amino acid residues located in the middle region of the antigenic peptide (P3-P8) appeared critical for the recognition by BV1, BV8, or BV13 T cell clonotypes. Both methionine (P4) and tryptophan (P5) residues were particularly crucial for their interaction with the TCR, as demonstrated by the low recognition by all of the BV1, BV8, and BV13 clonotypes for the peptides containing M160A and W161A substitutions (Fig. 4A) . Finally, other residues (Leu-P3, Ile-P6, Thr-P7, and Gln-P8) were highly critical for only some but not other clonotypes (either BV1, BV8, or BV13). The contributions of the side chains of the NY-ESO 157-165 peptide to the binding free energy of the BV13 clonotype 1 from patient LAU 155 were calculated according to the Molecular Mechanics-Generalized Born Surface Area (MM-GBSA) approach (Fig. 4B and SI Text) and are in good agreement with the functional recognition pattern found for the same clonotype (Fig. 4A ). This particular clonotype was chosen because of the availability of a very closely related TCR-pMHC x-ray structure, designated as the 2BNR complex (15) .
Prevalent Contribution of the TCR ␤-Chain for the Binding Free Energy
Toward the NY-ESO-1157-165/HLA-A*0201 Complex. The in silico modeling of the TCR-pMHC was performed for the 20 dominant NY-ESO-1-specific T cell clonotypes. For each model and for the 2BNR structure (15), we calculated side chains and backbone contributions to the binding free energy made by the TCR residues (SI Text). Fig. 4C shows a histogram count of the models, as a function of the ⌬G ␤,bind Ϫ ⌬G ␣,bind difference. Except for BV1-clono2 (LAU 155) TCR, a large majority of models showed a preferential ␤-chain contribution (i.e., a negative ⌬G ␤,bind Ϫ ⌬G ␣,bind difference), revealing its greater importance compared with the ␣-chain, in the binding with NY-ESO peptide and MHC complex.
Discussion
In the present work, we performed a detailed analysis of primary structure and function of the TCR ␣␤ repertoire toward the immunodominant HLA-A2/NY-ESO-1 157-165 epitope. The analysis of a large number of T cell clones (605 clones) showed that an important proportion of tumor-reactive CD8 ϩ T lymphocytes preferentially expressed the TCR AV3S1-BV8S2 chains with a remarkably high degree of conservation of CDR3␣ and ␤ domains, in terms of both length and amino acid composition at certain positions. These data are further emphasized by the comparable recognition patterns of fine specificity exhibited by distinct AV3/BV8 T cell clonotypes, as revealed by the experiments using a set of single alanine-substituted NY-ESO-1 peptides. Collectively, this report demonstrates that similarly to the CD8 ϩ T cell responses observed against viral influenza A matrix protein and EBV EBNA3 epitopes (4, 5) , highly restricted and conserved TCR ␣␤ usage can also be observed in CTL responses toward self/tumor antigens such as NY-ESO-1.
Another major finding is that besides the selected AV3S1/ BV8S2 set of T lymphocytes, NY-ESO-1-specific TCR repertoires were biased toward the usage of BV1 and BV13 gene segments. However, in contrast to the AV3S1/BV8S2 set, the BV1 and BV13 TCR sets revealed corresponding V␣ repertoires of high diversity. Overall, these TCR ␣-chains were characterized by different V␣ and J␣ usage of highly variable CDR3 length and amino acid composition. Similar to our data, a recent study showed that CTL specific for the protective immunodominant nucleoprotein epitope (NP366-374) of influenza A viruses in B6 mice used a highly restricted V␤ repertoire but no conserved V␣ of the binding free energy contributions made by the TCR V␤ residues and the TCR V␣ residues toward the HLA-A*0201/NY-ESO-1157-165 complex. Histogram count of 19 of the 20 TCR models was generated in silico, as a function of the ⌬G ␤,bind Ϫ ⌬G␣,bind difference. The ⌬G␤,bind Ϫ ⌬G␣,bind difference is in kilocalories per mole. Of note, the 2BNR (15) ⌬G ␤,bind Ϫ ⌬G␣,bind difference was Ϫ6.4 kcal/mol, conferring again a preponderant role to the ␤-chain in the binding process. repertoire (16) . Despite the limited set of human T cell clones analyzed, similar conclusions were reached by another study based on HIV-specific CTL responses from long-term survivors (17) . Altogether, these observations reveal an unsuspected diversification of the TCR ␣␤ repertoire, which would have been qualified as ''highly restricted'' had such analyses remained limited to the TCR ␤-chain repertoire. Therefore, TCR repertoire studies need to include the characterization of both TCR ␣-and ␤-chains and not only the latter as done in the majority of previous studies.
Because NY-ESO-1-specific T cells expressed biased TCR BV1 and BV13 chains but can use a variety of TCR ␣-chains, our data suggest that recognition of the NY-ESO-1 157-165 /HLA-A*0201 complex may predominantly depend on the TCR ␤-chain. In this regard, the in silico modeling of the NY-ESO-1-specific T cell repertoire combined with the MM-GBSA decomposition of the binding free energy into TCR ␣ and ␤ contributions revealed that a large majority of specific T cell clonotypes have a preferential ␤-chain contribution to the TCR-pMHC binding compared with their corresponding ␣-chain. Collectively, our finding emphasizes the prevalent role of the ␤-chain in contributing to more favorable interactions with the pMHC ligand than the ␣-chain. Curiously, the results described here and in the above-mentioned studies do not exactly recapitulate those found by others that rather suggest a predominant role of TCR ␣-chain in determining the preimmune repertoire of antigen-specific T cells (18) (19) (20) . In line with this view, Yokosuka et al. (18) have investigated the potential spectrum of TCR ␣␤-chains to exhibit antigen specificity by systematically analyzing hundreds of individual TCR ␣␤ pairs for antigen-specific recognition. Their findings show that to recognize the HIVgp160 peptide/H-2Dd complex, CTLs have to possess a single TCR ␣-chain but can use a variety of TCR ␤-chains. Restricted ␣-chain usage (i.e., V␣2.1) was also found among HLA-A2/Melan-A specific T cells (19, 20) . Consistent with these results, Miles et al. (21) have recently shown that MHC restriction in the CD8 ϩ T cell response to an epitope from EBV, which is naturally immunogenic across two human MHC class I alleles, can be controlled exclusively by TCR ␣-chain usage.
Many self-antigens are expressed in the thymus (22) , associated with negative selection of T cells expressing specific TCRs, in some instances explaining why self/tumor antigen-specific TCRs are of lower avidity as opposed to pathogen-specific TCRs (2). For example, the self/tumor antigen Melan-A/MART-1 is recognized by relatively low avidity TCRs, and these TCRs present higher degrees of TCR ␤-chain heterogeneity (23) . Although avidities of the HLA-A2/NY-ESO-1 specific TCRs are somewhat higher, they still do not reach the high avidities observed among virus-specific TCRs. Nevertheless, the majority of HLA-A2 ϩ individuals are capable of mounting vigorous CD8 T cell responses to this antigen, confirming that it is a preferential target of tumor-specific T cells. Thus, one could speculate that the TCR repertoire studied here is not (much) impaired by thymic negative selection. The question remains open whether similar observations as shown here for NY-ESO-1-specific TCRs can be made for TCRs specific for other self/tumor antigens.
What remains intriguing, at present, is which biophysical mechanisms allow TCRs that either display highly conserved V␣-and ␤-chains or semiconserved V␤-chains pairing with complementary diverse V␣-chains, to recognize the same pMHC complex. Despite the 24 solved structures of TCRspMHC complexes (6), many of the structural principles that govern MHC restriction still remain unclear. The crystal of the influenza MP 58-66 /HLA-A2-specific TCR AV10S2/BV17 provides some structural explanations for the specific contribution of BV17 (24) . Indeed, the distinctive orientation of this TCR, which is almost orthogonal to the peptide-binding groove of HLA-A2, facilitates insertion of a conserved arginine in the V␤ CDR3 into a notch between the bound peptide and the MHC ␣2-helix. This unusual interaction may compensate for the lack of prominent side chains of the Flu-peptide pointing toward the TCR (25) . Further insights in the comparison of reported TCR-pMHC crystal structures reveal that TCR binding generally occurs in a flexible diagonal orientation to the long axis of the MHC peptide-binding groove (6) . Class I MHC molecules usually bind peptides of 8-10 residues in length (on average 9 mers defined as P1-P9) in an extended conformation in which the peptide is fixed at its ends by pockets formed by the MHC molecule. In contrast, the centrally located peptide residues exhibit upward-pointing amino acid side chains that often interact directly with TCR CDR3 loops (6) .
Because the NY-ESO-1/A2 complex preferentially selects and binds to (i) conserved AV3S1/BV8S2 and (ii) semiconserved AVx/BV1 and AVx/BV13 TCRs, this antigenic model provides us with the unique opportunity to examine in detail the biophysical nature of distinct TCRs recognizing the same pMHC ligand and the impact of each TCR ␣-and ␤-chain on such recognition. Our functional data, using a panel of NY-ESO-1 157-165 single alanine-substituted peptide variants, revealed the critical role played by two central residues, Met-P4 and Trp-P5, for the antigenic recognition by different T cell clonotypes. The work reported here confirms and further extends the results obtained from the crystal structure of the 2BNR complex, indicating that binding of the TCR centers on two prominent side chains of the two central amino acids, methionine-tryptophan (15) , forming a predominant hot spot interacting with the CDR3␣ and ␤ loops (26) . Because our observations were made on an extended pool of dominant T cell clonotypes isolated from two different patients (LAU 50 and LAU 155), they indicate that this represents a general feature, i.e., that distinct TCRs (AVx/ BV1, AV3S1/BV8S2, AVx/BV13) share comparable peptide recognition patterns, suggesting conserved binding modes of distinct A2/NY-ESO-1 specific TCRs. In particular, preliminary observations on in silico models suggest that some conformational motifs within the CDR3␤ loop may be critical for the binding to the NY-ESO-1 157-165 peptide (data not shown). The issue of which residues within the CDR1, CDR2, and CDR3 ␣ and ␤ loops present dominant contributions to (i) antigen recognition and (ii) MHC recognition deserves additional studies combining detailed structural and functional investigations.
A better understanding of structural principles that govern TCR recognition is essential to promote research and clinical applications. The quality of TCRs recruited during disease, or by vaccination, dominantly influences the potency of immune responses (27) . To improve therapeutic immune interventions, TCRs need to be fully characterized, and the mechanisms for their recruitment and function must be elucidated. Results from such studies impact, e.g., on the design of antigens for vaccination and on the choice of optimal TCRs for adoptive T cell therapy, with or without TCR gene transfer. Here, we show that the TCR ␤-chain, comparable with the TCR ␣-chain in other models, may play an important role in the recognition of pMHC complexes and that depending on the pMHC model, each chain may present dominant contributions to antigen recognition. In addition, similar mechanisms may control TCR repertoire shaping toward foreign or self-antigens because the predominant contribution of the TCR ␣-or ␤-chain can be observed under various physiopathological contexts, e.g., acute or chronic in vivo triggering by either viral or tumor antigens. Finally, our data demonstrate that three distinct sets of TCRs (AVx/BV1, AV3/ BV8, and AVx/BV13) are able to recognize the same NY-ESO-1/MHC complex with comparable and high functional avidity, conferring successful tumor recognition.
